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Abstract: This study employs computational fluid dynamics (CFD) to investigate the attitude-keeping self-propulsion 
of a generic submarine in free-surface and wave environments under autopilot control. The Joubert BB2 hull form and 
Marine 7371R propeller are adopted as the reference models. Turbulent flow is resolved by solving the incompressible 
Reynolds averaged Navier-Stokes (RANS) equations in combination with the shear stress transport (SST) -k   
turbulence model, while free-surface dynamics are captured using the volume of fluid (VOF) method. To ensure 
numerical reliability, mesh-convergence studies are carried out with four levels of mesh resolution. An overset mesh 
technique is applied to the submarine hull and X-rudders, whereas a sliding mesh is used to represent propeller rotation. 
The autopilot is implemented as a proportional-derivative (PD) controller that adjusts attitude variables to maintain 
attitude-keeping self-propulsion. The influence of submergence depth and wave conditions on hydrodynamic 
characteristics is systematically examined: The presence of the free surface significantly alters the hydrodynamic loads, 
surface pressure distribution, and associated wave patterns during the self-propulsion process. Meanwhile, the wave 
action induces significant variations in the pitch angle, leading to distinct periodic oscillations in the submarine’s 
attitude. 
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0. Introduction  
Self-propulsion is a fundamental aspect of sub- 

marine operation, influencing both its performance 
and efficiency, particularly in near-surface environ- 
ments. Under these conditions, the free surface 
significantly impacts the flow dynamics around the 
submarine, affecting both propulsion and maneuvera- 
bility. Understanding these interactions is critical for 
optimizing submarine design and enhancing opera- 
tional capabilities.  

Submarine self-propulsion has been extensively 
studied through experimental investigations to under- 
stand the interaction between the hull and propeller in 
various operating conditions[1-2]. The DARPA 
SUBOFF, a widely used generic submarine model, 
has been the subject of numerous studies in both 
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model testing and numerical simulations. Overpelt et 
al.[3] provided experimental data on the maneuvering 
performance of a modern SSK-class submarine, 
validating numerical methods for studying submarine 
maneuvering and self-propulsion in both model and 
full-scale configurations. Özden et al.[4] conducted a 
detailed experimental and numerical study on the 
DARPA SUBOFF, using the INSEAN E1619 
propeller to explore self-propulsion characteristics and 
validate computational fluid dynamics (CFD) methods 
for predicting submarine performance. Similarly, 
Wang et al.[5] investigated the propeller wake of a 
generic submarine in near-surface conditions, noting 
how free-surface proximity alters the wake structure 
and impacts overall propulsion efficiency. These 
experimental studies laid the groundwork for under- 
standing submarine self-propulsion, yet they high- 
lighted the challenges in accurately capturing the 
free-surface effects in traditional model testing.  

As a result, CFD has become increasingly 
essential in advancing the understanding of submarine 
dynamics. Recent advances in numerical methods 
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have made it possible to simulate submarine self-pro- 
pulsion more accurately, particularly in near-surface 
environments. Bai et al.[6] investigated submarine 
self-propulsion using different turbulence models, 
examining the effects of these models on the accuracy 
of CFD simulations for predicting submarine perfor- 
mance under various hydrodynamic conditions. The 
introduction of two-equation eddy-viscosity turbulence 
models by Menter[7] has become a standard tool for 
simulating turbulent flows around submarines and 
their propellers. Liefvendahl and Troëng[8] further 
refined turbulence modeling by applying large eddy 
simulation (LES) to study cycle-to-cycle variations in 
blade loads for submarine propellers, improving the 
understanding of transient forces and unsteady 
behavior in submarine propulsion. Posa and Balaras[9] 
applied LES to simulate the interaction between the 
propeller wake and hull during self-propulsion, provi- 
ding insights into the complex hydrodynamic interac- 
tions that occur during submarine motion. Carrica et 
al.[10] extended this work by further studying complex 
and surface maneuvers of generic submarines in calm 
water, comparing with experimental data to verify the 
accuracy of CFD in simulating complex maneuvers. 
Lungu[11] used detached eddy simulation (DES) to 
investigate the flow dynamics around the DARPA 
SUBOFF in deep immersion and near-surface 
conditions, focusing on the role of submergence depth 
in hydrodynamic performance. 

The accurate representation of propeller effects 
in self-propulsion simulations is essential for 
obtaining reliable numerical predictions. Chase and 
Carrica[12] investigated the contribution of the pro- 
peller to the self-propulsion performance of the 
DARPA SUBOFF and highlighted the importance of 
using sufficiently accurate CFD models to capture the 
interaction between the propeller and the submarine 
hull. Sezen et al.[13] conducted a Reynolds Averaged 
Navier-Stokes (RANS)-based CFD investigation of 
the self-propulsion performance of the benchmark 
DARPA SUBOFF model equipped with the E1619 
propeller. Their study incorporated verification and 
validation procedures for both the bare/appended hull 
resistance and open-water propeller performance, and 
further evaluated the propeller–hull interaction at the 
self-propulsion point, demonstrating the importance of 
numerical accuracy in reliably predicting the 
self-propulsive behavior of underwater vehicles. 

In addition to propeller hydrodynamics, the 
dynamic response of submarine maneuvering has also 
become a central topic in CFD research. Cheng et 
al.[14] validated, by means of CFD, the large-amplitude 

motion response of the hull under internal-wave 
conditions. At the same time, as underwater missions 
grow increasingly complex and maneuverability 
requirements become more stringent, research on 
submarine autopilot controller has attracted wides- 
pread attention in the hydrodynamics community. It 
enables control over essential navigational parameters 
such as heading, depth, attitude, and speed. Kim[15] 
developed a six-degrees-of-freedom simulation frame- 
work incorporating an autopilot controller to inves- 
tigate the motion response and maneuvering characte- 
ristics of an underwater vehicle, thereby providing 
valuable insight into the response mechanisms to 
control commands during complex maneuvers. Han et 
al.[16] extended this research by simulating turning 
maneuvers of underwater vehicles, analyzing the 
hydrodynamic forces involved in achieving stable 
turns. In recent years, increasing attention has been 
paid to the hydrodynamic performance of submarines 
operating in the vicinity of the free surface. Cao et 
al.[17] investigated the hydrodynamic performance and 
wake characteristics of a submarine navigating near 
the free surface in a continuously stratified fluid, with 
the primary objective of elucidating the influence of 
density stratification on hydrodynamic loads, free- 
surface disturbances, and wake evolution. In the con- 
text of near-surface maneuvers, Guo et al.[18] numeri- 
cally investigated the turning motion of a near-surface 
self-propelled submarine using a RANS-volume of 
fluid (VOF) framework. Their study revealed that 
variations in submergence depth significantly affect 
the free- surface wave pattern, shedding vortices, and 
velocity distribution around the submarine, thereby 
modifying its near-surface maneuvering characte- 
ristics. Chen et al.[19] studied the numerical simulation 
of near-surface turn maneuvers of a generic submarine, 
highlighting the influence of free-surface waves on 
turning behavior. Guo et al.[20] conducted a similar 
investigation into the steady turning motion of a 
submarine near the free surface, showing how 
free-surface effects impact maneuvering performance. 
Carrica et al.[21] conducted numerical simulations of 
submarine self-propulsion in calm water and in 
regular waves corresponding to sea states 2-7. 
However, their study did not specifically focus on the 
effects of the free surface under both wavy and calm 
conditions. Chen et al.[22] investigated turning maneu- 
ver of a submarine in waves, showing that wave 
action induces pronounced oscillations in hull attitude. 

The coupled effects of the air-water interface, 
nonlinear wave generation, and unsteady flow fields 
under free-surface and wave conditions are highly 



 

 
 

complex, making high-fidelity numerical simulations 
both challenging and costly. Moreover, under 
self-propulsion conditions, strong interactions occur 
among the propeller, control surfaces, hull, free 
surface, and waves, while the relevant mechanisms 
and modelling approaches have not yet formed a 
mature framework. Consequently, research on the 
influence of waves and free-surface effects on 
submarine self-propulsion remains relatively limited. 

Previous studies have predominantly focused on 
the self-propulsion response of submarines under fully 
submerged or calm-water conditions, whereas the 
coupled effects of the near-surface environment and 
wave action on self-propulsion attitude, maneuvering 
characteristics, and hydrodynamic performance have 
not yet been investigated in a sufficiently comprehen- 
sive and systematic manner. To address this gap, the 
present study considers the Joubert BB2 submarine as 
the research object and employs an autopilot system to 
maintain attitude control. The motion response 
characteristics under different submergence depths 
and wave conditions are then systematically examined, 
with the aim of clarifying the mechanisms by which 
free-surface proximity and waves influence submarine 
self-propulsion. 

1. Numerical methods 

1.1 Governing equations 
In this study, numerical simulations were con- 

ducted using the commercial CFD software STAR- 
CCM+, based on the incompressible RANS equations. 
The governing equations of RANS are expressed by 
the continuity equation and the momentum equation, 
which together describe the fluid flow dynamics. The 
governing equations are: 
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where t  is the time, iu  represents the time- 
averaged velocity components in the Cartesian coor- 
dinate system, ix  and jx  are spatial coordinates, 
the subscripts i  and j  represent the directions of 
the coordinate system, taking values of 1, 2, and 3, p  
denotes the time-averaged pressure,   is the 
viscosity coefficient, and i ju u    represents the 
Reynolds stresses. The term if  corresponds to the 
source term, where the addition of momentum source 

terms allows for simulating the flow field. 

1.2 Turbulence model 
To close the time-averaged Navier-Stokes 

equations, various turbulence models are employed to 
estimate the Reynolds stresses. In this study, the shear 
stress transport (SST) -k   turbulence model 
proposed by Menter is used for closure[7]. This model 
applies the -k   formulation to handle boundary 
layer flows and the -k   model to address free-stream 
fluid flows[23]. The transport equations for this model 
are as follows: 
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where kG  is the production of turbulent kinetic 
energy, G  is the production of specific dissipation 
rate, kY  and Y  are the respective dissipation terms, 

kS  and S are the source terms, and k  and   
are the effective diffusivities. 

1.3 Volume of fluid method 
This study focuses on the self-propulsion motion 

of submarines near the free surface, which is a typical 
two-phase flow problem. Therefore, the VOF method 
is employed to accurately capture the free surface 
dynamics. This technique was first introduced and 
developed by Hirt and Nichols[24] in 1981. The 
principle of the VOF method involves introducing a 
phase volume fraction q  (the subscript q  denotes 
the -thq  fluid phase), for each fluid to represent the 
volume fraction of the fluid in any given mesh cell, as 
expressed by the following equation: 
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where qV  represents the volume of the phase fluid in 
a given mesh cell. The sum of the volume fractions of 
all fluid phases within a single mesh cell equals 1, as 
expressed by the following equation: 
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In the two-phase flow problem addressed in this 
study, only air and water are considered as the two 
fluid phases. Therefore, the system can be simplified 
to a single phase volume fraction  . Within a mesh 
cell, this can be expressed as: 



 

 
 

Air domain0                           (7a) 

Interface0 1                           (7b) 

Water domain1                          (7c) 

The transport equation for the VOF method in 
the simulation process can be expressed in the 
following form: 

( ) 0
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where U  is the fluid velocity vector. 

1.4 Autopilot controller 
The autopilot system employed in this study 

adjusts the rudder angle based on heading deviation 
and yaw rate, using a proportional-derivative control 
system. The control law governing this system is 
expressed as follows[3]: 

Autopilot
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where P  and D  represent the proportional and 
derivative coefficients, respectively, while ( )e t  
denotes the control term, which is the deviation 
between the desired and actual values at the current 
time. 

In the self-propulsion simulations conducted in 
this study, an autopilot controller is implemented to 
improve control of the attitude of the submarine. The 
autopilot regulates both horizontal and vertical 
headings, using heading (yaw) angle as well as depth 
and pitch angle as the control parameters. Based on 
the predefined control algorithm, the horizontal and 
vertical commands are distributed separately to the 
X-rudders in order to adjust the motion of the 
submarine accordingly: 
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where V ( )t  and H ( )t represent the vertical and 
horizontal rudder commands, respectively, and z ,  , 
y , and   denote the heave, pitch, sway, and yaw 

responses, respectively. For the X-rudders, the rudder 
command is the combination of the vertical and 
horizontal rudder commands. The rudder command 
for each surface is given by the following equation: 

PtUp V H PtDn V H ,                       (12) 

SbUp V H SbDn V H,                       (13) 

where PtUp , PtDn , SbUp , SbDn  correspond to the 
port upper rudder, port lower rudder, starboard upper 
rudder, and starboard lower rudder, respectively. The 
rotation of each rudder surface follows the right-hand 
rule around its rotational axis[10]. Additionally, based 
on experimental data from Overpelt[3], the maximum 
rudder angle should not exceed 30°, and the maximum 
rudder speed is 7.11 (°)/s, which corresponds to a 
maximum speed of 30.5 (°)/s at the model scale. 

2. Numerical setup 

2.1 Geometric models 
The model used in this study is the Joubert BB2 

submarine equipped with the Marine 7371R propeller 
model. All simulations were conducted at the model 
scale (1:18.348). Table 1 presents the key parameters, 
and Figure 1 provides an overview of the geometric 
configuration. The Joubert BB2 submarine is an 
axisymmetric body of revolution, equipped with a sail, 
sail rudder, and X-rudders, among other key 
components. Additionally, it is fitted with the Marine 
7371R six-blade propeller. Both the submarine and 
propeller models were designed by the Netherlands 
Maritime Research Institute (MARIN)[25-26], which 
includes the sail, sail rudder, and X-rudders as part of 
the submarine. The BB2 submarine model is one of 
the most widely used generic submarine models 
globally, and it has been extensively applied in 
hydrodynamic research, including model testing and 
numerical simulations. 

Table 1 The basic parameters of the Joubert BB2 model 
Parameters Value 

Length, / mL  3.826  
Beam, / mB  0.523  

Drought to deck, / mD  0.578  
Drought to propeller, p / mD  0.273  

Drought to sail, sail / mD  0.883  
Displacement / t  0.703  

Longitudinal center of gravity (from nose), 
CG / mx  

1.76  

Vertical center of gravity (from shaft), 
CG / mz  

0.286  

-X axis moment of inertia, 2/ (kg m )xxI   30.849  

-Y axis moment of inertia, 2/ (kg m )yyI   665.448  

-Z axis moment of inertia, 2/ (kg m )zzI   665.229  

Figure 2 illustrates the two Cartesian coordinate 
systems used in this study: the spatial coordinate 
system and the fixed-body coordinate system. In the 
spatial coordinate system, the coordinates X , Y , 



 

 
 

and Z  are initially aligned with the corresponding 
axes of the body-fixed coordinate system. The trans- 
lation and rotational motion within the body-fixed 
coordinate system are defined by the inertial reference 
frame of the spatial coordinate system. The origin of 
the fixed-body coordinate system is located at the 
center of gravity of the submarine model. In this 
system, the positive -x axis points toward the bow of 
the submarine, the positive -y axis points toward the 
starboard, and the positive -z axis points downward. 

 

Fig. 1 The Joubert BB2 submarine and Marine 7371R propeller 
model 

 

Fig. 2 Space and Body fixed coordinate 

2.2 Computational domain and mesh 
This study focuses on the self-propulsion maneu- 

ver performance of the Joubert BB2 submarine near 
the free surface, and thus the computational domain is 
divided into the air domain, fluid domain, and free- 
surface. Figure 3 provides a schematic representation 
of the computational domain defined for the study. 

 

Fig. 3 The computational domain and boundary conditions 

The computational domain is modelled as a 
rectangular block with the submarine located at its 
center. The domain extends 1L  ( L  is the length of 

the submarine) forward of the bow, 2L  aft of the 
stern, and 2L  in the transverse direction on each side. 
The distance between the free surface and the geome- 
tric center of the hull is defined as the submergence 
depth H . To reduce the computational cost of the 
self-propulsion simulations, we adopt a background- 
domain tracking approach, in which the background 
domain is translated synchronously with the motion of 
the submarine. This approach effectively reduces the 
mesh size and enhances computational efficiency. In 
the background domain, the upper surface is defined 
as the pressure outlet, while the remaining five sur- 
faces are designated as velocity inlets. Since wave 
generation occurs at the free surface during near- 
surface self-propulsion, a wave absorption method is 
applied around the background domain to mitigate 
wave reflection effects. 

All meshing in this study was done in the 
commercial software STAR-CCM+. The meshes are 
divided into two regions, the hull domain containing 
the hull and free surface and the rotation domain 
containing the propeller. The detailed mesh configura- 
tion is shown in Fig. 4. In this study, the overset mesh 
technique is employed to divide the entire computa- 
tional domain into the background domain, the 
submarine domain, the X-rudders domain, and the 
propeller domain. Trimmed Mesh is used in both the 
hull domain and the rotation domain to perform the 
mesh dissection operation, and Prism Layer Mesh is 
used to construct the boundary layer outside the walls 
of the hull and the propeller, and the number of prism 
layers on the surface of the hull and the propeller are 
set to 5 and 3, respectively. Furthermore, the X-rudders 
domain is meshed using Polyhedral Mesh to ensure its 
computational accuracy. 

Under still water conditions near the free surface, 
the total number of computational cells is approxi- 
mately 1.686107. In wave conditions, to more accura- 
tely capture the wave characteristics at the free surface, 
the mesh is further refined, resulting in a total of 
approximately 2.064107 computational cells. 

2.3 Solvers 
The numerical simulations are performed using a 

CFD solver based on a cell-centered finite volume 
discretization in combination with arbitrary polyhedral 
mesh elements. In the present study, a first-order 
implicit scheme is adopted for temporal discretization, 
whereas a second-order upwind scheme is employed 
for spatial discretization. 

To ensure the accuracy of the numerical calcula- 
tions, it is essential to maintain the Courant number 
( )Co  below 1. Thus, the time step size in the numeri-  



 

 
 

 

Fig. 4 The overset mesh details for Joubert BB2 submarine 

Table 2 The parameters of the mesh configuration 

Item 
Volume mesh cells106 

M1 M2 M3 M4 
Background 2.12 5.81 8.09 10.86 
Submarine 1.52 4.07 7.04 9.28 

Rudder (sbup, sbdown, portup, portdown) 0.04 0.12 0.18 0.24 
Propeller 0.12 0.27 1.01 2.08 

Total 3.92 10.63 16.86 23.18 
 

cal simulations is typically determined by the Courant 
number, as indicated by Eq. (14). A time step size of 
0.005 was selected to ensure that this criterion is met 
in most cases： 

| |t U
Co

x




                               (14) 

where t  is the time step, x  is the length of the 
mesh in the velocity direction, U  is the module of 
the velocity within a certain mesh cell. 

3. Numerical validation 

3.1 Mesh convergence study  
Prior to conducting the study, a mesh conver- 

gence analysis was performed to determine the 
appropriate mesh cell size, with the objective of 
achieving an accurate numerical solution at a lower 
computational cost. The mesh was progressively 
refined in all three directions, resulting in four distinct 
mesh sets. Apart from variations in the mesh cell size, 
all other parameters remained constant. The meshes 
were named M1, M2, M3,and M4 based on the total 
number of mesh cells, with the corresponding cell 
counts provided in Table 2.  

Figure 5 shows the results of mesh convergence 
study. The mesh convergence study was conducted 

under still water conditions for near-surface self-pro- 
pulsion. Numerical simulations were performed for 
four different mesh sets at a submergence depth of 

/ 0.27H L  , with the flow field reaching stability 
before comparing the thrust at the self-propulsion 
point. Based on the computational results from four 
mesh sets and considering both computational cost 
and convergence, all numerical simulations in this 
study were conducted using the M3 mesh. 

 

Fig. 5 The results of mesh convergence study 

3.2 Self-propulsion validation 
In the absence of experimental data for self-pro- 

pulsion near the free surface, a preliminary verifica- 
tion was first carried out for the self-propulsion 
performance in the fully submerged condition to 
assess the validity of the numerical model. The 



 

 
 

present simulation adopted the same parameters as 
those used in the self-propulsion model tests of 
Overpelt et al.[3]: The target cruising speed of the 
model was set to 1.2 m/s, and an autopilot with 
identical control settings was employed to regulate 
attitude during self-propulsion. The numerical results 
in the fully submerged case were then evaluated and com- 
pared with the CFD results reported by Han et al.[16]. 

Table 3 summarizes the results of self-propulsion 
validation. Compared with the experimental data, the 
thrust error at the self-propulsion point is only 3.38%, 
and the propeller rotational speed error is about 2.98%. 
In addition, the predicted propeller rotating speed is 
almost identical to that reported by Han et al., with a 
discrepancy of approximately 1.47%, indicating that 
the present CFD approach can accurately reproduce 
realistic self-propulsion behavior. The discrepancy in 
thrust relative to the results of Han et al. is approxi- 
mately 4.96%, which may be attributed to the fact that 
a body-force propeller model was adopted in their 
simulations, whereas the present study employs the 
sliding-mesh approach to represent the actual pro- 
peller rotation more realistically. 

Table 3 Results of self-propulsion validation 

Parameters Thrust/N 
Rotating 

speed/rpm 
Experiment[3] 26.6 268 

CFD[16] 26.2 272 
Present 27.5 276 

Error (exp. vs present) 3.38% 2.98% 
Error (Han’s vs present) 4.96% 1.47% 

Table 4 Simulation conditions 

Case /H L  Environment 
1 Submerged Calm water 
2 0.18 Calm water 
3 0.23 Calm water 
4 0.27 Calm water 
5 0.18 Regular wave 
6 0.23 Regular wave 
7 0.27 Regular wave 

4. Results and discussions 

This section presents the self-propulsion results 
for the Joubert BB2 submarine model under different 
submergence depths in both calm water and wave 
environments. All key results are presented in a 
dimensionless form based on the model scale, 
corresponding to a speed of 0 1.2 m/sU   (10 kn in 
full scale). Furthermore, Table 4 shows the simulation 
conditions, wherein the submergence depth ( / )H L  
under different operating conditions is defined as the 
ratio of the distance ( )H  between the axis of 
submarine and the free surface to the length ( )L  of 

the submarine. This ratio corresponds to the nominal 
submergence depth of the submarine. The regular 
wave considered in this study have a wave period T  
of approximately 1.6 s, a wavelength   of 4.0 m, 
and an amplitude 0a  of 0.1 m. 

4.1 Near-surface self-propulsion 
Figure 6 presents the time histories of the velo- 

city and pitch angle at different submergence depths, 
along with the real-time rudder deflection signals of 
the X-rudders controlled by the autopilot during 
self-propulsion, where suδ  and sdδ  denote the 
Starboard-Up Rudder Angle and Starboard-Down 
Rudder Angle, respectively. During the initial stage of 
motion, the flow field around the hull has not yet fully 
developed, and the non-uniform pressure distribution 
between the bow and stern generates a pronounced 
pitching moment, which in turn induces a relatively 
large pitch angle. The autopilot then intervenes and 
rapidly applies control actions, with the resulting 
control moment suppressing any further increase in 
attitude deviation. Once the motion enters the steady 
self-propulsion stage, however, the inherent chara- 
cteristics of the PD control algorithm make it difficult 
to eliminate the steady-state error completely. As a 
result, the hull eventually reaches equilibrium at a 
small but finite constant pitch angle. The results 
indicate that under the control of the autopilot, the 
submarine maintains a stable sailing posture and 
achieves the desired self-propulsion speed. When the 
submergence depth is / 0.18H L  , the additional 
hydrodynamic resistance caused by the hull’s proxi- 
mity to the free surface results in a slightly lower 
steady self-propulsion speed compared with the 
nominal speed. Furthermore, the time history of the 
pitch angle reveals the final pitching trend during 
near-surface self-propulsion. At / 0.18H L  , the 
maximum pitch angle reaches approximately 1.37°. At 
submergence depths of / 0.23H L   and /H L 
0.27 , the steady-state pitch angles are nearly identical 
to those observed in the fully submerged condition. 
This indicates that when the submergence depth 
exceeds / 0.23H L  , the free-surface effect has only 
a negligible influence on the submarine attitude during 
self-propulsion. Specifically, at submergence depths 
of / 0.23H L  , / 0.27H L   and under the fully 
submerged condition the steady pitch angles are 0.07°, 
0.05°, and 0.03°, all of which are close to 0°, while at 

/ 0.18H L  , the steady pitch angle reaches approxi- 
mately 0.38°. The stabilizing moment required to 
achieve steady direct navigation is achieved by the 
autopilot controlling the X-rudders, with the rudder 
angle changes during the control process correspon- 



 

 
 

ding to the pitch angle. 

 

Fig. 6 Hull velocity, Pitch and Rudder deflection for 
self-propulsion near the surface 

It is noteworthy that the deflection values of the 
X-rudders surfaces for the port-up and starboard- 
down as well as port-down and starboard-up configu- 
rations are always equal in magnitude but opposite in 

direction, as indicated by the control commands 
mentioned in the previous section. Therefore, the 
following presents the tailplane angles for the 
starboard-up and starboard-down configurations cal- 
culated by the autopilot during the stable self-propul- 
sion phase to maintain the submarine attitude. When 
the submergence depth of the submarine is 

/ 0.18H L  , the maximum rudder deflection of the 
X-rudders reaches approximately 4°, in order to 
maintain the heading posture with the hull proximity 
to the water surface. 

As shown in Fig. 7, 8, where streamlines and 
solid surfaces are colored using the pressure 
coefficient pC , which is defined as follows: 

20.5p

P gh
C

U





                             (15) 

where P gh  denotes the definition of dynamic 
pressure,   represents fluid density, and U  indica- 
tes the submarine speed.  

 

Fig. 7 Self-propulsion of Joubert BB2 near the surface 

 
Fig. 8 Dynamic pressure distribution on the top surface of 

submarines at the self-propulsion motion 



 

 
 

It is evident that during self-propulsion, signifi- 
cant high-pressure regions are observed at the forward 
and central portions of the hull, while the stern 
exhibits a low-pressure area due to the suction effect 
generated by the propeller rotation. This results in a 
slight bow pitch angle as the submarine maintains 
stable self-propulsion. Additionally, the pressure 
distribution on the hull varies with submergence depth. 
At / 0.18H L  , the hull’s proximity to the free 
surface leads to the formation of high-pressure zones 
along the proximity sections. In contrast, at /H L 
0.27 , the pressure distribution becomes nearly iden- 
tical to that of a fully submerged condition, indicating 
that the influence of the free surface on the submarine 
is minimal when the submergence depth exceeds this 
value. 

Figure 9 presents the time histories of thrust and 
torque during the near-surface self-propulsion of the 
submarine. As the submarine speed gradually 
converges to 0U , both thrust and torque also stabilize. 
It is observed that as the submergence depth increases, 
the steady-state thrust and torque values decrease. 

 

Fig. 9 Thrust and torque for self-propulsion near the surface 

Specifically, at a near-surface depth of /H L 
0.18 , compared with the fully submerged condition, 
the thrust increases by approximately 8.9%, and the 
torque increases by approximately 3.8%. At /H L 
0.23 , the thrust is about 3.5% higher, and the torque 
increases by roughly 1.2% relative to the fully sub- 

merged condition. At / 0.27H L  , the thrust and 
torque are nearly identical to those of the fully 
submerged state, indicating that, beyond this submer- 
gence depth, the effect of the free surface on the sub- 
marine’s propulsion performance becomes negligible. 

 

Fig. 10 Waveform during self-propulsion motion near the 
surface 

When the submarine performs self-propulsion 
near the free surface, surface waves are generated. 
Previous studies have shown that submarines opera- 
ting near the free surface produce Kelvin wave 
systems[20]. Figure 10 illustrates the free-surface wave 
patterns generated during the submarine self-propul- 
sion. A distinct wave trough is observed near the aft 
section of the sail, where wave formation is particu- 
larly strong and the wave height is considerable. This 
phenomenon arises primarily from the pressure 
gradient change as the fluid flows past the sail, 



 

 
 

resulting in a wake field that interacts with the free 
surface. A second region of significant wave forma- 
tion occurs behind the propeller, where a pronounced 
wave crest with considerable height is formed. This is 
another region where wave generation is intense, 
mainly due to the high-speed wake generated by the 
rotating propeller interacting with the free surface.  

Under the same speed conditions, when the 
submergence depth is shallow i.e. closer to the free 
surface, the generated wave height is larger. 
Additionally, the coupling effects between scattered 
waves and transverse waves become more pronounced. 
In contrast, at deeper submergence depths, the wave 
height decreases, the scattered wave effects become 
less noticeable, and only the characteristics of 
transverse waves remain. This suggests that the 
submarine's influence on the free surface diminishes 
as the submergence depth increases. It is noteworthy 
that at submergence depths of / 0.18H L   and 

/ 0.23H L  , the sail is in very close proximity to the 
free surface. This results in the accumulation of 
incoming waves at the front of the sail, which then 
separate towards the wings. A region of significantly 
reduced wave height appears along the submarine’s 
central axis. 

 
Fig. 11 Self-propulsion of Joubert BB2 near the surface in 

wave 

4.2 Self-propulsion in waves 
This section analyzes the effects of different 

submergence depths on the kinematic and dynamic 
parameters of the Joubert BB2 during self-propulsion 
in wave conditions. Figure 11 illustrates the self- 

propulsion state of the Joubert BB2 at various submer- 
gence depths in near-surface wave environments. 
Figure 12 presents the time histories of velocity and 
pitch angle, as well as the real-time rudder deflection 
signal of the X-rudders controlled by the autopilot 
during self-propulsion at different submergence 
depths under wave conditions. 

 
Fig. 12 Hull velocity, Pitch and Rudder deflection for 

self-propulsion near the surface in wave 



 

 
 

The presence of waves imposes unsteady, 
periodic wave loads on the submarine hull, resulting 
in pronounced periodic fluctuations in both attitude 
and speed. The amplitudes of these fluctuations 
decrease progressively with increasing submergence 
depth. Compared with self-propulsion in calm water, 
the additional hydrodynamic resistance caused by the 
waves results in a slightly lower steady-state velocity 
at shallower submergence depths, with the velocity 
stabilizing slightly below the nominal speed 0U . At a 
submergence depth of / 0.27H L  , the influence of 
waves on the submarine is minimal, allowing the 
velocity to converge well to 0U . 

Under wave conditions, the pitch angle of the 
submarine undergoes significant fluctuations during 
self-propulsion. At a submergence depth of /H

0.18L  , the steady-state time-averaged pitch angle 
reaches 1.88°, which is around five times that under 
calm-water conditions. As the submergence depth 
increases, the pitch attitude gradually becomes more 
stable; however, periodic oscillatory behavior remains 
evident under wave-induced disturbances. At /H L 
0.23  and / 0.27H L  , the steady-state pitch angles 
are 0.92° and 0.73°, respectively. Although these 
values are reduced relative to the shallower free- 
surface condition, they remain markedly higher than 
the corresponding calm-water values of 0.07° and 
0.05°. These results indicate that the wave environ- 
ment substantially amplifies attitude deviation and 
makes it more difficult to maintain a stable running 
attitude. 

Under the control of the autopilot, the X-rudders 
adjust the submarineʼs attitude by calculating the 
required rudder deflection and executing the necessary 
steering commands. The variations in the rudder 
deflection are directly correlated with changes in the 
submarineʼs attitude. During the initial phase, the 
submarine experiences significant attitude changes, 
which leads to larger initial rudder deflection com- 
mands from the autopilot. For instance, at a submer- 
gence depth of / 0.18H L  , the maximum rudder 
angle of the X-rudders may exceed 25 in order to 
compensate for the initial significant pitch angle and 
maintain the Joubert BB2’s steady attitude-keeping 
posture. 

Figure 13 presents the time histories of thrust and 
torque during the self-propulsion of the Joubert BB2 
submarine in near-surface wave environments. Similar 
to the trends observed in calm water, both thrust and 
torque decrease as the submergence depth increases. 
However, the presence of waves induces significant 
periodic fluctuations in both thrust and torque. These 

fluctuations become less pronounced as the submer- 
gence depth increases. At the near-surface submer- 
gence depth of / 0.18H L  , the thrust increases by 
approximately 5.71%, and the torque increases by 
around 1.26%, compared with the / 0.27H L   
condition. The thrust and torque at / 0.23H L   are 
slightly higher than those at / 0.27H L  , but the 
fluctuations in both thrust and torque are more 
pronounced. 

 

Fig. 13 Thrust and torque for self-propulsion near the surface in 
wave 

As shown in Fig. 14, where streamlines and solid 
surfaces are colored using the dimensionless resultant 
velocity U  , which is defined as follows: 

Hull

0

U
U

U
                                 (16) 

It is observed that the main velocity wake is 
formed downstream of the propeller. The interaction 
between the free-surface waves and the sail modifies 
the flow in the region between the sail and the free 
surface, leading to a distinct high-velocity region 
immediately downstream of the sail. In contrast, the 
flow field beneath the submarine remains relatively 
unchanged. Notably, at / 0.18H L  , the interaction 
with the free surface is most pronounced, leading to a 
significant high-velocity region both fore and aft of 
the sail. This interaction causes increased wave 
disturbances and more intense velocity fluctuations. 



 

 
 

As the submergence depth increases to / 0.23H L   
and / 0.27H L  , the influence of the free surface 
diminishes, and the velocity distribution stabilizes. 
The low-velocity regions shrink, and the propeller 
wake, along with the overall flow field around the 
submarine, becomes more stable. Additionally, it is 
evident from the images that as the submergence 
depth approaches the free surface, the pitch amplitude 
of the Joubert BB2 submarine increases. This suggests 
that the closer the submarine is to the free surface, the 
greater the pitch variations during self-propulsion. 

 

Fig. 14 The instantaneous views for the dimensionless resultant 
velocity at the center plane 

5. Conclusions 

In this study, the commercial software STAR- 
CCM+ was used to develop a numerical simulation 
method for near-surface self-propulsion of a subma- 
rine based on an overset mesh approach. The 
self-propulsion motion of the Joubert BB2 submarine 
at various submergence depths was simulated in both 
free-surface and wave environments to assess the 
impact of the free surface and waves on the hydrody- 
namic characteristics of the submarine self-propulsion. 
The conclusions derived from the analysis of the 
computational results are summarized as follows: 
    (1) A CFD simulation method for analyzing the 
self-propulsion motion of submarines has been 
developed. This method employs an overset mesh 
approach to model the submarine and its four rudders, 
while the sliding mesh technique is used to simulate 
the rotation of the propeller. The autopilot system is 
utilized to control the horizontal and vertical motion 
attitude errors of the submarine during self-propulsion. 
The simulation results were compared with experi- 
mental data under the same conditions, showing a 

thrust error of 3.38% and a propeller speed error of 
2.98%. These results indicate a good agreement 
between the CFD simulations and the experimental 
data, validating the accuracy of the simulation 
method. 

(2) As the submergence depth increases, the 
wave-making resistance of the submarine decreases, 
and the thrust and torque required for steady 
self-propulsion are reduced accordingly. When the 
submarine operates near the free surface, its pitch 
angle under autopilot control is noticeably greater 
compared with submerged conditions. The autopilot 
system compensates for the free-surface effects by 
applying larger rudder angles to maintain the desired 
attitude. Additionally, the value of hull velocity is 
slightly reduced in near-surface conditions compared 
with submerged condition, indicating a slight decrease 
in stability during self-propulsion at shallow depths. 

(3) When the submarine operates under near- 
surface wave conditions in self-propulsion, the waves 
impose unsteady, periodic loads on the hull, leading to 
pronounced oscillations in attitude and forward speed. 
Moreover, the influence of the waves results in a 
significant increase in the vertical attitude compared 
with that in calm water conditions. To mitigate errors 
in vertical motion attitude, the autopilot system 
generates rudder commands that exhibit distinct 
periodic fluctuations. As the submergence depth 
increases, the amplitude of fluctuations in speed, pitch, 
and rudder angles decreases, indicating a reduction in 
the impact of unsteady wave forces on the submarine 
motion. 

It should be noted that the present study is 
primarily concerned with the self-propulsion behavior 
of a submarine in free-surface and regular-wave 
environments, and does not yet address the response 
characteristics associated with other representative 
maneuvers, such as turning and Zigzag maneuvering, 
under free-surface and wave conditions. In addition, 
only a single regular-wave condition is considered in 
the present work. Future research will therefore 
extend the numerical investigation to more complex 
maneuvering motions in waves, including turning and 
Zigzag maneuvering, and will systematically examine 
the effects of different wavelengths, wave heights, 
submergence depths, and irregular-wave conditions on 
submarine maneuvering performance and attitude 
response. 

Conflict of interest 

All authors declare that there are no other 
competing interests. 



 

 
 

References 

[1] Hess D, Fu T. Impact of flow control technologies on 
naval platforms [C]. Proceedings of the 33rd AIAA Fluid 
Dynamics Conference and Exhibit, Orlando, Florida, USA, 
2003. 

[2] Hess D, Fu T, Cubbage S. Naval maneuvering research 
and the need for shear stress measurements [C]. 
Proceedings of the 48th AIAA Aerospace Sciences 
Meeting Including the New Horizons Forum and 
Aerospace Exposition, Orlando, Florida, USA, 2010. 

[3] Overpelt B, Nienhuis B, Anderson B. Free running 
manoeuvring model tests on a modern generic SSK class 
submarine (BB2) [C]. Proceedings of the Pacific 
International Maritime Conference, Sydney, Australia, 
2015. 

[4] Özden Y A, Özden M C, Demir E, et al. Experimental and 
numerical investigation of DARPA Suboff submarine 
propelled with INSEAN E1619 propeller for 
self-propulsion [J]. Journal of Ship Research, 2019, 63(4): 
235-250. 

[5] Wang L, Martin J E, Felli M, et al. Experiments and CFD 
for the propeller wake of a generic submarine operating 
near the surface [J]. Ocean Engineering, 2020, 206: 
107304. 

[6] Bai T, Wu Y, Wei P, et al. Numerical simulation of 
submarine self-propulsion based on different turbulent 
simulation models [C]. Proceedings of the 38th 
International Conference on Offshore Mechanics and 
Arctic Engineering, Glasgow, Scotland, UK, 2019. 

[7] Menter F R. Two-equation eddy-viscosity turbulence 
models for engineering applications [J]. AIAA Journal, 
1994, 32(8): 1598-1605. 

[8] Liefvendahl M, Troëng C. Computation of cycle-to-cycle 
variation in blade load for a submarine propeller using 
LES [C]. Proceedings of the 2nd International Symposium 
on Marine Propulsors, Hamburg, Germany, 2011. 

[9] Posa A, Balaras E. Large-eddy simulations of a notional 
submarine in towed and self-propelled configurations [J]. 
Computers & Fluids, 2018, 165: 116-126. 

[10] Carrica P M, Kerkvliet M, Quadvlieg F, et al. CFD 
simulations and experiments of a submarine in turn, 
zigzag, and surfacing maneuvers [J]. Journal of Ship 
Research, 2021, 65(4): 293-308. 

[11] Lungu A. A DES-based study of the flow around the 
self-propelled DARPA Suboff working in deep immersion 
and beneath the free-surface [J]. Ocean Engineering, 2022, 
244: 110358. 

[12] Chase N, Carrica P M. Submarine propeller computations 
and application to self-propulsion of DARPA Suboff [J]. 
Ocean Engineering, 2013, 60: 68-80. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

[13] Sezen S, Dogrul A, Delen C, et al. Investigation of 
self-propulsion of DARPA Suboff by RANS method [J]. 
Ocean Engineering, 2018, 150: 258-271. 

[14] Cheng L, Lu H, Guo B, et al. Fast prediction of 
underwater vehicle motion under internal solitary waves 
[J]. Physics of Fluids, 2026, 38(2): 022127. 

[15] Kim H. Six-DOF motion response and manoeuvring 
simulation of an underwater vehicle [D]. Doctoral Thesis, 
Hobart, Australia: University of Tasmania, 2018. 

[16] Han K, Cheng X, Liu Z, et al. Six-DOF CFD simulations 
of underwater vehicle operating underwater turning ma- 
neuvers [J]. Journal of Marine Science and Engineering, 
2021, 9(12): 1451. 

[17] Cao L, Gao G, Guo E, et al. Hydrodynamic performances 
and wakes induced by a generic submarine operating near 
the free surface in continuously stratified fluid [J]. Journal 
of Hydrodynamics, 2023, 35(3): 396-406.   

[18] Guo H, Liu Y, Ge J, et al. Numerical investigation on the 
turning motion of a near-surface self-propelled submarine 
[J]. International Journal of Naval Architecture and 
Ocean Engineering, 2025, 18: 100718.  

[19] Chen M, Zhang N, Zheng W, et al. Numerical simulation 
of near-surface turn maneuver of a generic submarine [J]. 
Ocean Engineering, 2023, 287: 115835. 

[20] Guo E, Wang Y, Cao L, et al. Numerical investigation on 
steady turning motion of a generic submarine near the free 
surface [J]. Ocean Engineering, 2024, 313: 119375. 

[21] Carrica P M, Kim Y, Martin J E. Near-surface self 
propulsion of a generic submarine in calm water and 
waves [J]. Ocean Engineering, 2019, 183: 87-105. 

[22] Chen M, Zhang N, Chen J, et al. Numerical simulation of 
near-surface turn maneuver of a submarine in waves [J]. 
Physics of Fluids, 2024, 36(7): 075139. 

[23] Zhang M, Hu H, Guo B, et al. Predicting shear stress 
distribution on structural surfaces under internal solitary 
wave loading: A deep learning perspective [J]. Physics of 
Fluids, 2024, 36(3): 035154. 

[24] Hirt C W, Nichols B D. Volume of fluid (VOF) method 
for the dynamics of free boundaries [J]. Journal of 
Computational Physics, 1981, 39(1): 201-225. 

[25] Petrov V, MacLin G, Cichella V. Underwater vehicle 
autopilot system for controlling depth and pitch: 
Maneuvering through near-surface waves and 
environmental disturbances [J]. Ocean Engineering, 2025, 
317: 119910. 

[26] Li L, Wang Y, Cao L, et al. Reducing internal solitary 
wave–induced motions of a self-propelled submarine via 
PD–PI autopilot control [J]. Ocean Engineering, 2026, 
356: 125401. 

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


